We propose and demonstrate the beneficial use of minority carrier blocking layers to lessen bipolar conduction at elevated temperatures and increase the Seebeck coefficient in a thermoelectric material. Bipolar conduction, caused by thermally activated intrinsic carriers in semiconductors, causes a detrimental "roll-over" in the Seebeck coefficient and increase in thermal conductivity, measured as a function of temperature. We propose that these negative effects can be lessened or delayed in a small band gap host matrix by incorporating wider band gap semiconductor layers to impede the thermal diffusion of minority carriers over majority carriers. To prove this concept, a composite material grown by molecular beam epitaxy of ptype InAs layers and electron blocking p-type AlSb layers were grown and measured. We show improved thermoelectric properties over just p-type InAs in measurements from 110 K to 600 K.
Introduction
The most common contribution to the inefficient use of energy is generation of waste heat [1] . Waste heat is energy that escapes from a system without contributing to the work done. A device capable of capturing that waste heat and turning it back into electricity would inherently increase the efficiency of the system and lower net power consumption. Often the environment for the most effective heat capture demands that the unit be small, clean, and reliable. It is here, in the niche of energy harvesting, where thermoelectric materials can be of great use [2] . The thermoelectric efficiency of a material is often ranked by the thermoelectric figure of merit, zT, consisting of the Seebeck coefficient, S, electrical conductivity, σ, and thermal conductivity, κ, by zT=S 2 σT/κ. Therefore, the thermoelectric efficiency of a material is improved by increasing its Seebeck coefficient and electrical conductivity and by decreasing its thermal conductivity. However, these parameters are often directly related to each other. Generally for a semiconductor, as the carrier concentration is increased, the electrical conductivity increases but unfortunately, the Seebeck coefficient decreases and the thermal conductivity increases as well. In addition, these parameters are temperature dependent. For most semiconductors, the Seebeck coefficient increases with temperature until it reaches a maximum and begins to decrease. The Seebeck coefficient can even change sign at very high temperature. The reduction in Seebeck coefficient is caused by the thermal activation of intrinsic carriers. When there is mixed n-type and p-type conduction, i. e. bipolar conduction, the negative and positive Seebeck coefficients of each, respectively, cancel each other out. Essentially, both negative charges and positive charges are present within the same material and diffuse along the thermal gradient. In this case, there is no net charge transfer and the Seebeck coefficient is zero.
Conventionally, the temperature at which thermally excited minority carriers cause a decrease in Seebeck coefficient can be raised by using a material with a wider band gap, or by increasing the extrinsic doping [3, 4] . In this work, we predict and demonstrate increasing the Seebeck coefficient at higher temperature by utilizing minority carrier blocking layers. By impeding the thermal diffusion of minority carriers, we push the scenario closer to the optimum single-carrier Seebeck coefficient and improve the thermoelectric efficiency. The concept of minority carrier blocking layers is implemented here with wide band gap AlSb layers on narrow band gap InAs layers, grown by molecular beam epitaxy (MBE), but is generally applicable to any combination of semiconductors where the heterojunction can block the flow of the minority carriers but not block the flow of majority carriers.
For example, the concept of confining or blocking charge carriers has been used extensively in semiconductor research before, indeed it is the basis for many optical devices such as solid-state lasers, LEDs, and detectors. Electron-and holeblocking layers have been used for PbIbN [5, 6] and nBn [7] infrared detectors to reduce dark current as compared to conventional PIN detectors. This results in an increase in detectivity and higher operating temperatures.
Recently, in collaboration with this paper, Bahk and Shakouri have extensively modeled the prospects of reducing the thermal conductivity of PbTe through minority carrier blocking by heterjunctions [8] . In both cases, minority carrier blocking shows great promise for increasing zT through improving the Seebeck coefficient and reducing the thermal conductivity. In other examples of unique heterojunctions which can improve thermoelectric efficiency, Tynell et al. [9] have created a superlattice of conductive oxides (ZnO) and organic compounds (hydroquinone) and seen significant reductions in thermal conductivity [9] .
Two-carrier temperature-dependent Seebeck coefficient
The Seebeck coefficient for a material with one type of carrier increases as the Fermi level moves towards the center of the semiconductor band gap. This occurs for semiconductors at high temperature or low doping as determined in the non-degenerate case by Eq. (1).
where m n n;p is the effective mass of electrons or holes, r is the scattering parameter, k B is the Boltzmann's constant, h is the Planck's constant, e is the charge on an electron, and n and p are the electron and hole concentrations. It is important to note that the Seebeck coefficient is negative for electrons and positive for holes, and can therefore go to zero or change sign when there is mixed n-type and p-type conduction. As shown in Eq. (2), the net Seebeck coefficient, S T , is a combination of the negative Seebeck coefficient, S n , and the positive Seebeck coefficient, S p , weighted by the electron mobility, μ n , electron concentration, hole mobility, μ p , and hole concentration.
As mentioned previously, when designing a thermoelectric material for use at high temperature, there have only been two options to overcome problems with intrinsic carrier activation: use a material with a wide band gap or increase the extrinsic doping. Wide band gap semiconductors are better at high temperature because the thermally activated intrinsic carrier density depends exponentially on the band gap energy. Higher extrinsic doping helps because it more heavily weights the majority carrier Seebeck coefficient, as demonstrated in Eq. (2). However, if you could add minority carrier blocking layers, and essentially reduce the mobility of the minority carrier, this would lighten the effect of the minority carrier Seebeck coefficient and improve the total Seebeck coefficient. Figure 1a describes a typical n-type thermoelectric material, where the Fermi level is close to the conduction band edge and the temperature gradient has established an electron concentration gradient from the hot side to the cold side. Figure 1b shows the scenario where the same material is being used at higher temperatures, and thermally activated carriers are dominating the material's Seebeck coefficient. The Fermi level is positioned near the middle of the energy gap and electrons and holes are both present in appreciable concentrations. There is very little net charge difference between the hot and cold side. Figure 1c demonstrates the usefulness of a wide-band gap hole blocking region in an n-type thermoelectric. The holes cannot flow from the hot to the cold side and an appreciable net Seebeck coefficient is maintained. Figure 1d shows similar benefits for using a wide-band gap electron blocking region in a p-type thermoelectric.
AlSb/InAs sample design and predicted band structure
To test this concept, we have decided to use a simple material system. We use p-type InAs for the main semiconductor and p-type AlSb layers to modify the Seebeck coefficient. InAs and AlSb have been researched in depth by MBE before [10] because the semiconductors are closely lattice-matched and have very different band gap energies. As seen in Figure 2 , the band gap of AlSb is $ 1.55 eV and InAs is $ 0.36 eV at 300 K.
The valence band offset between AlSb and InAs is only $ 0.15 eV while the conduction band offset is $1.35 eV. This combination of band offsets applies itself well to blocking the flow of electrons perpendicular to the heterojunction interface. InAs/AlSb is also a good model system because the "rollover" in Seebeck coefficient should occur at relatively low temperatures and difficult substrate removal and layer encapsulation [11] should not be necessary at the relevant measuring temperatures. The only disadvantage to using a small band gap semiconductor like InAs is the presence of a surface accumulation layer [12] [13] [14] [15] , which is caused by Fermi level surface pinning above the conduction band edge. This additional thin degenerate electron layer will be evident and noted in the measurement results.
Sample fabrication
Two samples were grown by molecular beam epitaxy, each having the same sample structure, but different Be doping concentrations in the active layer. Ideally, AlSb electron blocking layers would be used throughout the entire composite, but for MBE grown samples, the transport properties of that superlattice would have to be measured cross-plane [ 16] , which is inherently difficult for electrical conductivity and Seebeck coefficient. For this study, we used a simple structure, which could be measured in-plane. We grew a Bedoped 2 mm-thick InAs layer with a 300 nm-thick AlSb buffer on a (100) semi-insulating GaAs substrate. The GaAs substrate was used because it is cheaper and electrically insulating at room temperature. On top of the Be-doped InAs layer, we grew a thin 5 nm-thick heavily Be-doped InAs layer, a heavily Be-doped 500 nm-thick AlSb layer, and a heavily Be-doped 400 nm-thick InAs cap layer. The "heavy" doping in each of these thinner layers was $ 2 Â 10 -19 cm À 3 . The band diagram, calculated using a Poisson-Schrodinger solver, is shown in Figure 3 .
To utilize the minority carrier barriers in the intended manner, the samples were processed so that the AlSb barriers were only at the metal contacts, with the main InAs layer measured in-plane between two heater blocks, as shown in Figure 4 . The sample without AlSb barrier layers is exactly the same but without the top InAs or AlSb layer.
To make this structure, the MBE-grown films were fabricated with typical semiconductor processing tools. The metal stack (100 nm Pt, 500 nm Au) was defined lithographically and then deposited using an e-beam evaporator. Pt was used because of its fairly large work function, which aligns well with the InAs valence band edge, and because it is relatively stable to high temperatures. Then the metal contacts and a very thin perimeter were covered with photoresist, again using photolithography. The InAs exposed region between contacts was wet etched with a solution of H The Seebeck coefficients were measured from a linear fit of voltage versus temperature difference [17] at each temperature data point, in vacuum, from 300 to 600 K. The electrical conductivity was measured using the 4-point probe method or the Van der Pauw method, also from 300 to 600 K. From 100-400 K, the commercially available thermal transport option (TTO) was used in a Quantum Design physical property measurement system (PPMS). At room temperature, Hall and Van der Pauw measurement were made to determine carrier density and mobility.
Measurement results
The temperature dependent Seebeck coefficient, electrical conductivity, and power factor are shown in Figure 5 for two pairs of samples. In Figure 5a , we show the results for the high Be doping sample ($3 Â 10 18 Be atoms per cm 3 ), with and without AlSb barrier layers. The Seebeck coefficient and electrical conductivity for both samples is similar at 300 K, but from 350 to 500 K, the Seebeck coefficient is higher for the sample with the AlSb barrier layers, by up to 50 mV/K. This results in almost a 100% increase in power factor at 425 K, which is quite remarkable. In Figure 5b To better understand the effect of the AlSb electron blocking layers, we conducted Van der Pauw and Hall measurements, which are shown in Table 1 . Again we note that the conductivities of the samples do not change dramatically with and without AlSb barriers. It is remarkable, yet not unexpected, that the Hall coefficient becomes more positive for both pairs of InAs samples, with and without barriers, suggesting that a higher hole concentration is being measured when AlSb barriers are present.
Analysis and discussion
The Seebeck coefficient and electrical conductivity were calculated in the manner described by Wagener et al. [18] accounting for the degenerate and non-degenerate regimes. These fits are shown in Figures.6 and 7 by the dotted red lines. The model was then adjusted to remove the effect of the ntype surface accumulation layer and to lower the number of thermally activated minority carriers. These results are represented by the black line in Figures 6 and 7 . We use the input of acceptor concentrations and the ratio of electron mobility to hole mobility to fit our data, with good agreement. The increase in Seebeck coefficient is greater for the InAs samples with less Be doping, which intuitively makes sense. For Figure 4 Cartoon schematic for the finished InAs sample with AlSb barrier layers, as it might be measured. Note that the layer thicknesses are not to scale relative to each other.
example, if the extrinsic doping is lower, the thermally activated minority carriers will be more detrimental. By removing their input on Seebeck coefficient, we see a bigger increase. This is a further proof that the increase in Seebeck coefficient is due to electron blocking in these samples.
Intuitively, blocking one type of carrier should lower the total electrical conductivity of the system, everything else being equal. Our calculations show us that this is true, but not to the extent we would expect. For instance, in Figure 8 , we calculate that the electrical conductivity only changes by $5 S/cm even when the minority carrier barrier is most pronounced. These calculations are under the same conditions to fit the high Be doped InAs Seebeck coefficient.
Conclusion
We have conceived and demonstrated an idea for improving Seebeck coefficient and power factor in semiconductor materials using careful band engineering. This solution Be atoms/cm 3 . In (b) the Seebeck data from 100 K to 400 K was measured using the thermal transport option on a Quantum Design PPMS, while the Seebeck data from 300 K to 500 K was measured under vacuum on a calibrated home-built system. Each measurement used a separate device fabricated from the same wafer. addresses the problem of bipolar conductivity, which occurs in semiconductors at high temperature. When the concentration of thermally activated intrinsic carriers becomes appreciable, the Seebeck coefficient decreases and the thermal conductivity increases. We have shown that inserting wide band gap semiconductor layers in a narrow band gap semiconductor host can improve the Seebeck coefficient by blocking minority carriers. This idea increases the thermoelectric power factor by 2 Â -2.5 Â in our model system on p-type InAs with p+ AlSb electron blocking layers. In addition, using a superlattice should lower the thermal conductivity [8] . In short, accounting for and managing the minority carrier transport should increase the thermoelectric figure of merit by simultaneously increasing the power factor and reducing thermal conductivity. The first steps to proving this concept have been demonstrated here. 
